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Solid-state 13C NMR spectroscopic, chemolytic and biological 
assessment of pretreated municipal so lid waste 
M Pichler, H Knicker and I K6gel- Knabner 
In Central Europe, composting and anaerobic digestion 01 municipal solid waste (MSW) is used as pretreatment 
befare Jandfilling to reduce landfill emissions. MSW samples were analyzed befare, during, and after pretreatment to 
assess the stability 01 the organic matter. Chemolytic, nuclear magnetic resonance (NMR) spectroscopic, and 
respiration parameters were correlated to evaluate a substitution of the time~consuming respiration analysis by 
chemical parameters. 13C cross polarization msgic angle spinning (CPMAS) NMR spectroscopy showed a 
preferential biodegradation of O-alkyl carbon (carbohydrates) and a selective accumulation of plastics during all 
pretreatments, confirming findings trom chemolytic analyses. Principal component analysis exhibited a strong 
association between the respiration rate, the carbohydrate content, and the O-alkyl e content, corroboratlng that 
carbohydrates are the most important compounds 01 MSW with regard to the emission potential. Rank correlation 
(Spearman) also showed strong relationships between the resoiration rote and the content of carbohydrates (r=0.75) 
and of O-alkyl e (r=0.72), . 
Keywords: solid-state 13C NMR spectroscopy; municipal solid waste; pretreatment; respiration test; principal component 
analysis 
Introduction 
Disposal of municipal solid waste (MSW) has been a major 
environmentaI issue since the industrial revolution [20]. To reduce 
the adverse ecological effects of landfilling untreated MSW, ie., 
methane and Ieacbate emÍssions [14], Gennan legislation will 
require a pretreatment before landfilling, starting in 2005. A 
pretreatment by composting or anaerobic digestion can substan-
tially decrease tbe landfill emission potential of MSW [6]. The 
biodegradation processes during fuese biological treatments are not 
easy to control. ConsequentIy, parameters are needed that describe 
fue stability of the treatment product with respect to further 
biodegradation in fue Iandfill. 
Biological stability parameters such as aerobic respiration rate 
or anaerobic gas production are preferred over chemical 
parameters because they reveal tbe actual availability of 
biodegradable compounds [7,8]. However, it takes 4 days for 
the aerobic, and 21 days for the anaerobic, síability to be 
detenníned. Chemical parameters may reveaI further infonnation 
about the chemical composition of fue pretreated MSW and they 
can be measured quickly. Cellulose and raw fat content, as 
detennÍned by gravimetric methods [17], correlated \VeIl with 
the respiration rate of MSW after different composting times [8]. 
It was sbown previously that solidRstate Be nuclear magnetic 
resonance (1\TMR) spectroscopy reveaIs important infonnation 
abaut the chemical composition of MSW [11]. The chemical 
composition is a majar controlling factor for fue biodegradability 
and stability of pretreated MSW. The corre1ation of respiration 
data wifu data on the composition of MS'V, therefore, is the 
major objective of tbis papero Data from l3e 1\TMR. spectroscopic 
and chemolytic analyses of carbohydrates, proteins, lipids, and 
lignin were used to check whether chemical parameters provide 
further infonnation on MSW stability that is responsible for fue 
respiratíon rateo A principal component analysis (peA) was 
perforrned to discover correJations among a11 parameters 
measured. 
Materials and melhods 
Waste materia/s, pretreatment systems and samp/e 
preparation 
AH waste materials wece residual wastes from regions vrith 
separate coHection of biowaste and other recyclables. These 
were subjected to a number of different aerobic, anaerobic or 
altemating aerobic/ anaerobic pretreatments that are supposed to 
stabilize fue MSW materials. Table 1 gives an overview of the 
different pretreatment systems. Befare composting or anaerobic 
digestion, fue MSW was shredded and sieved to obtain a 
higher specific surface for biodegradation. Samples \Vere taken 
afier this mechanicaI preparation, i.e., before beginning the 
pretreatment, and afier different pretreatment times. The number 
of samples obtajned from each treatment is indicated in Table 
1. Samples \Vere delivered in a frozen condition. Samples that 
were too wet for milling were air-dried for 2-4 days. 
For further chemical and respiratory analyses samples were 
homogenized in a multistep shredding and milling procedure. 
The sampIes were frrst shredded to ~1 mm with a cutting milI in 
t\\'o steps (10 mm, 1 mm), and subsequently to :::;0.12 mm in 
two additional steps (0.5 mm, 0.12 mm) with a centrifugal mill. 
In a previous shldy [lO] it \Vas sho\\n that representative 
subsamples are obtained 1iom this multistep preparation 
procedure. 
Table 1 Overview of the pretreatment systems 
Type of system Total treatment Number Treated partic1e 
time (weeks) ofsamples size (mm) 
Aerobic 1 17 3 ::;180 
Aerobio 2 14 9 :'560 
Aerobic 3 55 6 ::;40 
Aerobic 4 61 5 ::;40 
Aerobic 5 18 3 :'540 
Altemating 1 23 19 :'520 
Alternatíng 2 24 3 ::;20 
Anaerobic-aerobic 14.5 4 ::;40 
Anaerobio 2.5 6 57 
Elemental and chemolyfic analyses 
Total carbon and nitrogen \Vere determined with an elemental 
analyzer (Elementar Vario EL elemental analyzer, Elementar 
Analysensysteme, Hanau, Gerntany). Total organic carbon 
(TOC) was calculated as tbe difference between total carbon and 
inorganic carbono Inorganic carbon was measured in the ignition 
residue. A11 anaIyses were perfOlmed in duplicate. Medians of tbe 
coefficient ofvariation \Vere 2.9% for total nitrogen, and 2.5% for 
TOe. 
Chemical compound c1asses \vere analyzed with a suite of 
degradative methods \Vhich is routinely used for the analysis of 
soil organic matter (OM) [4]. A detailed description of a11 
chemolytic methods is given in OUT previous study [10]. In brief, 
celIulose and noncellulosic carbobydrates were differentiated by 
acid hydrolysis with 24 N H2S04 and 1 N HCI. The released 
sugar monomers were reduced to sugar alcohols with KB}4 and 
then oxidized to fonnaIdehyde and fOlmic acid with Hs106' The 
fOIDlaldebyde reacted with MBTH (3-methyl-2-benzotbiazoli-
none-hyrlrazone-hydrochloride) to fonu a green-colored com-
plex. The concentration of this complex \Vas measured with a 
UV ¡VIS spectrophotometer at 635 nm. Cellulose content was 
calcl1Iated as the difference between total and nonceIlulosic 
carbohydrates. 
Proteins \Vere hydrolyzed with 6 M HCl and the re1eased Q-
amino acids were analyzed with a photometer afier reaction with 
ninhydrin. Protein content was calcuIated by multipIying tbe n-
amino-N concentration by 6.25, assuming an average nitrogen 
content in proteins of 16%. 
The content of total extractable lipids was detemlined 
gravimemcally afier extraction of the sample \vith a mixture of 
chIorofonll and methanoI (1 :2, v/v). 
Lignin was depolymerized wíth CuO. After silylation, the 
re1eased phenoIs were analyzed with a gas cbromatograpb equipped 
with a flame ionization detector. TIte calculation oflignin content in 
MSW ftom the yield of individual phenoIs is explained in detail by 
Pichler and Kogel- Knabner [10). 
Biological treatmeot 
1 week composring in tunnel reactors with forced aernrion, 
foIlowed by 16 weeks windrow composting without aeration 
3 weeks composring in containers with forced aerarion, 
followed by 11 weeles windrow composting witbout aeration 
9 weeks windrow composting ",itb forced aeration, 46 \VeeJes 
wmdrow composting witbout aeration 
61 weeks windrow composting without forced aeraríon 
18 weeks composting in contaíners with forced aeration 
23 weeks aItemating aerobic and anaerobic treatment in smaIl 
bioreactors (200 ¡), altematíon by switching air fIow 00 and 
off, treatment inlervals (1-3 days) controlled by methane 
content in reactor gas phase 
24 weeks of altemating aerobic/anaerobic treatrnent in 14_m3 
bioreactors, altemation by switching air fIow on and off, 
treatment intervals (1-3 days) conlroI1ed by methane content 
in reactor gas phase 
2.5 weeks ofmesophilic (38°C) one-step dry fennentation in a 
50_m3 continuous-flow reactor, followed by 12 weeks of 
composring in a rotting box (20 ro3 ) with pressure aetation 
2.5 weeks two-step thennophilic \Ve! fennenlatíon in fue laboratory. 
AH chemolytic anaIyses \vere performed in duplicate. Medians 
of coefficients of variation for the duplicates were 6.2% for 
noncellulosic carbohydrates, 14.2% for celIulose, 3.6% for 
proteins, 3.8% for lipids, and 5.2% for lignin. 
NMR spectroscopy 
Prior to NMR spectroscopy, paramagnetic compounds were 
removed by extraction with 10% HF [13]. The comparison of 
NMR spectra before and afier HF extraction showed no major 
changes in the signal intensity distribution (data not sbo\\t'll). This 
was confinned by low TOe losses (>4%) during tbís trea1ment 
which were determined by comparison oftbe carbon content before 
and after tbe HF exíraction. 
A Bruker DSX 200 spectrometer was used to obtain solid-
state Be NMR spectra at a frequency of 50.32 MHz with a 
commercial Bruker double air- bearing probe and 7 -mm o.d. rotors. 
Chemical shifts were calibrated with glycine and are reported 
re1ative to tetramethylsilane (=0 ppm). Table 2 gives a tentative 
signal assignment for MS'V samples. CPMA.8 13C NMR spectra 
were recorded at a spinning speed of 6.8 kHz. Between 1000 and 
10,000 scans were accumulated \vith a pulse delay between 8 and 
Table 2 Tentatiye signal assignments for l3C NMR spectra ofmunicipal 
solid waste [7] 
Chemical shift range (ppm) 
220 to 160 
160 to lIO 
110 to 50 
50 to o 
Assignment 
carbonyI C from aldehydes, 
ketones, (poly) amides. esters, 
carhoxyl groups 
aromalic e from polystyrene 
and lignin 
O-alkyl C froro carbobydrates, 
Iignin side-ebaios, Ca in amino 
acids 
a1kyl e from plastics, Iipids, 
proteins 
15 s and a contact time of 1 ms. In order to eireumvent spin 
moduIation of Hartmann-Hahn eonditions, a ramped lH pulse 
frOID 100% down to 50% \vas used dwing the contact time [9]. 
Line broadening \Vas adjusted to 30 Hz. 
Respiration rate 
An automatic system [2] was used for hour1y recording oftbe COz 
release rate. In preIiminruy experiments we determined that fue 
water content for highest respjration rates was 450 g kg -1 (water! 
total weight). Recording \Vas started when the release rate was 
nearIy constant. The cumulative oxygen uptake after 4 days of 
recording (AT 4 in milligrams O2 per gram dry marter) is usualIy 
used as a stabiJity parameter for pretreated MSW [7]. Therefore, 
O2 uptake \Vas calculated from the CO2 evolution. This was done 
by fue respiratory quotient, assurning a molar respiratory quotient 
of 1 for aerobie respiration [15,16]. Measurements were carried 
out in duplicate. The medían of the coefficient of variation of the 
duplicates was 4.3%. 
Resulls and discussion 
Respiration rate during composting 
Figure 1 demonstrates the deerease of the respiration rate during 
eomposting in the Aerobie 3 system. The initia! 9 weeks with 
foreed aeration had the greatest effect on stabilization and reduced 
tbe respiration rate by 90%. Ibis is dernonstrated in both the TOC-
nonnalized and in dry~matter-nonnaüzed units. During the 
fol1owing 46 weeks without forced aeration, fue overall reduction 
ofthe respiration rate was further increased to 96%. This reflects the 
intensive biodegradation of easily available carbon sources, 
partieularly of earbohydrates [10]. It also indicates that the 
composted MSW after pretreatment is composed mainly of 
refraetory compounds whieh are not expected to be a source of 
relevant emissions after landfil1ing. 
Table 3 gives the respiration rates befare and after treatment for 
all systems. In Germany, 5 rng O2 (g dry matter) -! (4 days) -1 is 
Figure 1 Respiration rate durÍng composting of municipal solid 
waste (Aerohic 1). Error bars after 9 and 24 weeks represent standard 
deviations of four sampling replicates. 
Table 3 Respiration rates before and after treannent 
Type Treannent Respiration rate, mg O2 
of system time (weeks) (g dty matter)-l (4 daYS)-1 
Before After 
treatment treatment 
Aerobic 1 17 16 7.4 
Aerobic 2 14 18 3.3 
Aerobic 3 55 34 1.2 
Aerobic 4 61 34 6.0 
Aerobic 5 18 34 1.4 
Altemating I 23 n.d. 2.6 
Altemating 2 24 n.d. 4.9 
Anaerobic 14.5 27 1.1 
-aerobic 
Anaerobic 2.5 n.d. 3.6 
discussed as a limit value for MSW before landfilüng [5]. 
Generally, aH pretreatment systems lead to a considerable reduction 
in respiration rate. The respiration rate aIready dropped beIow the 
limit value afier 9 weeks of composting for tbe Aerobic 3 system 
(Figure 1). However. sorne treatrnents still had a rather high 
respiration rate (Aerobie 1, Aerobic 4) and did not meet the 
requirement for landfilling. Regarding Aerobic 1, we explain this 
by the huge particle size (S150 mm, Table 1) ofdle MSW, which 
delays microbial attack, Aerobie 4 did not involve foreed aeration, 
and is dms missing the stimulating effect of high oxygen 
availability w¡th respect to biodegradation. 
13C NMR spectra 01 MSW 
NMR speetra of the anaerobic-aerobic treatment are presented as 
an example representative of most of the pretreatment systerns 
(Figure 2). In a previous study, it was shown that CPMAS Be 
N1vfR speetra represent tbe chemicaI cornposition ofMSW samples 
in a quantitative way [11]. The cross polarization magic angle 
spinning (CPMAS) technique provides 13e NMR spectra ofMSW 
with representative intensity distribution, whereas carbon is 
underestimated in the single pulse excitation experimento Tbe 
presence of plasues in MSW was confirrned by dipolar dephased 
(DD) and proton spin reIaxation editing (PSRE) BC NMR 
spectra. 
SignaIs in the O-alkyl e region (50-110 ppm) dominate fue 
spectrum offresh MSW (Figure 2). These signals are assigned to 
carbohydrates such as cellulose, starch, or hemiceIlulose, The 
maximum at 72 ppm is explained by e-2, e-3, and e-5 in 
carbohydrates. The weaker signals at 65, 88, and 105 ppm can be 
attributed to e-6, C-4, and C-l in carbohydrates, respectively. The 
dominating signal in the alkyl e region at 32 ppm is tentative1y 
assigned to methyIene groups in plasucs (polyethylene, polYM 
isoprene) and lipids. After the anaerobic digestion stage, the 
intensity of signals in tbe alkyl C and aromatic e l'egions increased 
relative1y, while the intensity of the O-alkyl e region decreased. 
Signals at 22 and 26 ppm, appearing more prominentIy afier 
anaerobic digestion, are attributed to methyl groups in polypropy-
lene and to rnethylene groups in polyamide, The two signals in the 
aryI C region at 128 and 147 ppm, togetherwith the small ones at40 
and 43 ppm, most probably arise from polystyrene [11]. This trend 
of a relative increase of signals in the alkyl and aromatic region 
continued during the following composting periodo This effect is 
difference input-output 
• i ¡ • i I i ' i ' I ¡ 
200 100 o ppm 
Figure 2 Be CPMAS NMR spectra of municipal salid waste after 
difIerent treatment stages io tbc anaerobic-aerobic system. 
best explained by a preferentiaI biodegradation of carbohydrates 
and 3n accumulation of plastics during the pretreatment. 
Similar changes were also fOllnd in aIl other treatment systems 
(rabIe 4). CompositionaI changes in the 13CNMR spectra are also 
indicated by an mercase afilie all")'1 C/O-all')'l e ratio (Table 4). 
TIlls ratio is known ta incIease with an increasing degree of 
biodegradation of011 [1]. Fresh waste exhibits ratios arDA to 0.6, 
except for fue anaerobic system. The high ratio of 1.45 for the 
anaerobic system is due to a low paper content in the waste 
material, caused by sieving the input material to $.7 mm, Afier 
treatment, dte ratio ranged between 0.7 and 1.9. 
Table 4 shows tIte mass 105s ofO-alkyl C during tIte treatments. 
This parameter alIows the assessment of the intensity of degrada-
tion for the various treatment systems with respect to the fraetion 
most relevant for Iandfill emissions [19]. Mass loss values of 0-
alkyI e between 51 % and 82% were obtained. The highest mass 
loss of 82% was ac-hieved with the Aerobie 3 system, which also 
needed the longest treatment time with a total of 55 weeks of 
composting. The anaerobie treatment demonstrated the bighest 
degradation rate, i.e., mass 1055 per time unit. Insufficient 
degradation was obtained with the Aerobic 1 system. In summary, 
most of fhe systems accomplished a substantial reduction of 0-
alkyl e and bence, carbobydrates. 
Chemolytic data 
Carbohydrates are the most relevant compound5 identifiabIe by tIte 
cbemolytic methods applied in the MSW input material (TabIe 5). 
Protein5,lipids, and lignin accounted for 5maIler amounts ofilie OM 
in the input materiaIs. Carbohydrates exhibited tIte highest mass 
losses (71 % to 88%) during treatment. Protein and lipid 10sses \Vere 
lower due to microbial resyntbesis and recalcitrance. Lignin was 
degradedonIy to a minor extent. Large amounts ofthe OM, bew¡een 
28% and 55% in the input materiaIs and between 39% and 58% in 
Tablc 4 Changes in chemical composition ofMSW before and aRer treatment as determined by solid-state 13C NMR spectroscopy 
Typ' Treatment % of total signal intensity TOC loss % Mass 10ssB Alkyl el 
ofsystem time (weeks) O-,Ikyl e 
Alkyl e O-'lkyl e Aryl e CarhonyI C Alkyle 0-all"y1 C Aryl e Carbonyl C 
Aerobic 1 o 30 56 11 3 24 -1 51 -34 -7 0.53 
17 39 36 20 5 1.08 
Aerobic 2 o 23 59 13 5 63 49 74 41 59 0.39 
14 32 43 20 5 0.75 
Aerobic 3 o 23 62 lO 4 57 35 74 6 61 0.37 
16 35 39 22 4 68 50 82 22 56 1.05 
55 36 34 24 6 
Aerobic 4 O 23 62 10 4 53 42 68 -lO 28 0.37 
61 28 41 24 7 0.68 
Aerobic 5 O 23 62 10 4 59 44 76 40 0.37 
18 32 37 25 7 0.85 
Altemating 1 O 30 55 12 3 75 61 84 69 64 0.55 
23 46 35 15 5 1.53 
AItemating 2 O 19 53 20 8 73 65 77 70 78 0.37 
24 26 45 22 7 0.57 
Anaerobic-aerobic O 23 62 10 5 58 45 71 lO 57 0.36 
2.5 30 43 21 5 61 42 76 7 64 0.69 
12 34 38 24 5 0.89 
Anaerobic O 50 34 7 9 60 59 69 28 55 1.45 
2.5 51 26 13 lO 1.93 
BPercent mass 10ss of the NMR regions was calcu!ated as: 100- [(% of signa! intensity afier treatment)/(% of signa! intensity before 
treatment) x (100 - % TOe 10ss) ]. 
Tablc 5 Changes in chemical composition of MSW before and after treatment as determined by chemolytic methods 
Type of system Treafment time (weeks) Mass loss (% OM) 
Aerobic 1 O 26 
17 
Aerobic 2 O 64 
14 
Aerobic 3 O 61 
16 70 
55 
Aerobic 4 O 53 
61 
Aerobic 5 O 60 
18 
Alternating 1 O 75 
23 
Altematiog 2 O 75 
24 
.D!.naerobic-aerobic O 68 
14.5 
Anaerobic O 51 
2.5 
the ou1put materiaIs rernained unidentified by chemolytic methods. 
According to the data frem l3C 1\1MRspectroscopy these can mainIy 
be attributed te plastic materials [11]. 
Correlation of respiration and chemical data 
To check which chemical parametcr bcst describes fue stability 
of MSW, data from CPMA.S ¡:le NMR spectroscopy and from 
chemolytic analyses were corre1ated with the aerobic respiration 
rate (Table 6). Not a11 parameters foIlowed a normal 
distribution. 111erefore, Spearrnan's nonparametric rank correla-
tion was calculated [12]. Since not all parameters were 
detennmed for every samp1e, the number of data pairs is not 
the same for every corre1atíon ana1ysis. For the evaluation of 
MSW stability, the Iower range of respiration rates is of greatest 
relevance. Hence, an additional correlation was calculated using 
onIy tbe data pam with a respiration rate < 15 mg O2 (g dry 
matter)-l (4 days)-l. 
The highest correIation coefficients \Vere obtained with the 
chemo1ytic ceIlu10se content and the NMR spectroscopic 0- a11:yl 
e content. Tbis confirms the relationship between carbohydrates 
and the Iandfill emission potentiaL 
As mentioned in the introduction, corre1ations were found in 
another study between raw fat content and the respiration rate 
[8]. The anaIysis ofthe raw fat content is comparable to that of 
lipids. But for the data obtained in the present study no 
correlation was found. The same is true for lignin, alkyI e, 
carbonyl e, and the C/N ratio, based on a significance level of 
0.05. Proteins, aromatic e, and the aI1..""Y1 C/O-alkyl e ratio are 
significantIy con·elated \vith fue respimtion rate, but exhibit only 
a Iow correlation coefficient. 
Taking into account only the respiration rate range < 1 S mg O2 
(g dry matter) - I (4 days) - 1, a11 correlation coefficienls are IO\,.,er 
than for the entire data range. In the fmal stages of pretreatment, the 
C/N % ofOM mass 
Total Proteins Lipids Lignin OMnot 
carbohydrates identified 
45 50.2 3.8 10.7 7.1 28.2 
28 25.7 4.6 14.5 12.1 43.0 
24 42.3 7.7 11.6 9.2 29.2 
15 26.2 12.1 9.9 12.8 39.1 
27 44.9 6.9 14.1 3.7 30.4 
18 24.6 8.1 12.7 7.9 46.8 
14 17.5 9.5 12.0 8.4 52.7 
27 4404 6.8 14.0 4.8 30.1 
17 21.8 8.7 12.1 11.0 4604 
24 44.6 8.1 14.9 4.8 27.7 
14 19.8 8.3 12.7 10.1 49.1 
35 41.9 5.2 11.0 604 35.4 
21 26.2 6.7 6.3 14.0 46.8 
24 26.1 7.3 5.8 6.1 54.6 
14 19.9 8.5 9.1 5.0 57.5 
24 44.3 7.8 14.5 4.9 28.6 
24 21.2 8.5 18.3 10.9 41.2 
23 30.7 8.2 18.5 2.7 40.0 
15 20.5 13.3 19.8 4.7 41.7 
ce11ulose content, which exhibits the strongest correlation with the 
respiration rate, explains only 48% oftbe "ananee ofthe respiration 
data. 111is indicates that at this stage factors other than chemícal 
Table 6 Spearman's rank correlation of respiration rate data v..;th 
chemol)1ic and DC CPMAS NMR spectroscopicaI data 
Parametef All data pairs 
,,' r' 
C/N ratio 68 0.27 
Noncellulosic 68 0.74 
carbohydrates 
CeIlulose 68 0.75 
Proteins 68 0.53 
Lípids 53 0.15 
Lignin 37 -0.15 
Alloy! C 66 0.16 
O-aIJ...-yl C 66 0.72 
Aromatic C 66 -0.34 
Carbonyl C 66 0040 
All-yl-C/O-alkyl 66 -0.55 
e ratio 
p' 
0.02 
<0.01 
<0,01 
<0.01 
0.28 
0.38 
0.21 
<0.01 
<0.01 
<0.01 
<0.01 
Only pairs with respiration 
rate < 15 rng O2 (g dry malter) _1 
(4days)-1 
" 
r p 
59 0.15 0.27 
59 0.62 <0.01 
59 0.69 <0.01 
59 0048 <0.01 
46 -0.12 0043 
31 -0.04 0.85 
58 0.12 0.35 
58 0.62 <0.01 
58 -0,29 0.03 
58 0.25 0.05 
58 -0.34 <0.01 
Tbe res~iration rale was used io tenns of mg O2 (g dry matter)-I (4 
rn.y') - . 
HAll parameters were used as percent contents of dry matter, except for 
ratios. 
"Number of data pairs. 
"Speannan's rank correlation coefficient. 
dSignificance leve!. 
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principal component 1 (51 % of variance) 
Figure 3 Principal component loads of chemical and biological parameters (11 = 35). AH parameters were nonnalized to TOe and log-
transformed. 
composition of the MSW are additional1y controlling respiration 
rates. 
Principal componen! analysis (peA) 
The multivariate peA \Vas used to reveal relationships between 
an parameters at the same time. AH parameters \Vere normalized 
to TOe in order 10 deteet relacioos wíth respect to the 
composition and stability of TOe. High numericaI values have 
a great influence on results of tbe peA. Therefore aU data were 
log-transfonned [18]. Two principal components were extracted 
and subjected to a varimax rotation, i.e., they were rotated to 
reveal high correlations with sorne variables and low correlations 
with others [3]. 
Figure 3 shows the principal component loads, i.e., the 
correlations of the parameters with the two principal components. 
Principal component 1 explains 51% of the total variance of aU 
data. It is detemúned by carbohydrates, O-alkyI C, and the 
respiration rate on the positive seate, and by the alkyl/O-alkyl e 
ratio, alkyl e, aroma tic e, and lignin on the negative seale. This 
pIIDcipal component is associated wifu the biodegradability or 
stability ofMSW. It is again c1earIy that carbohydrates are the most 
relevant compounds with regard to the stability and hence the 
emissions of MSW in the landfill. Principal component 2 explains 
21 % ofthe total variance. The C/N ratio on the positive seale, and 
the protein and carbonyl e content on the negative scale are the best 
corre1ated parameters. This indicates an association ofthis principal 
component with the fate of nitrogen compounds during treatment. 
Since the principal components are statistical1y independent from 
each other, it is assumed that the transfonnation of carbon and 
nitrogen during pretreatment is also independent. However, the 
total variance is influenced mainly by parameters tbat indicate the 
stability ofTOC. 
Conclusions 
13C CPMAS NMR spectroseopy confinned that carbohydrates (0-
alkyI C) \Vere preferentially biodegraded in aIl treatment systems, 
while at the same time, plastics \Vere selectively accumulated. 
Chemolytic and 13C spectroscopic analyses provide relevant 
infonnation on the compositional changes during pretreatment of 
MSW. Parameters describing the chemical composition ofMSW by 
using chemolytic and l3e NMR spectroscopic parameters are 
correlated to the respíration rate and thus to the stabiIity of 
pretreated MSW. peA confinned the strong relationship between 
respiration rate, carbohydrate and 0- al1."Y1 e contents. It also 
revealed that the transfonnation of nitrogen is independent of that 
of carbono 
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